The Agrobacterium tumefaciens T-DNA gene iaaM was introduced by leaf-disc transformation into transgenic tobacco (Nicotiana tabacum) plants expressing the Higher plants also contain conjugated forms of IAA, such as IAA-esters and IAA-amides (3), and it has been proposed that conjugation provides a means by which the size of the cellular pool of free IAA can be regulated (2) . Apart from conjugation, free IAA levels are determined by the rates of de novo biosynthesis, transport, and catabolism.
IAA is a naturally occurring plant hormone and appears to be ubiqitous in higher plants. No totally IAA-deficient mutants are known, and plants with a reduced sensitivity to IAA exhibit abnormal growth patterns (5, 9, 14, 15) . This indicates that IAA is an important factor in the control of plant growth and development, although the exact mechanism of action still remains unclear.
Many studies on IAA action and metabolism have investigated the effects of an exogenous application of the hormone to excised plant segments. Under such conditions, uptake, transport, and compartmentation of IAA are difficult to control, and as a consequence restraints are placed on the interpretation of the data obtained. An ooxygenase (21, 24) that converts tryptophan to IAM2; the first step in a unique two-step, IAA biosynthesis pathway. IAM is then further hydrolyzed to IAA by the iaaH gene (gene 2) product, indolacetamide-hydrolase (20, 22) .
Follin et al. (6) , showed that tobacco plants transformed with either iaaM or iaaH, expressed from their natural promoters, displayed a normal phenotype. In a similar study, van Onckelen et al. (23) demonstrated that plants transformed with iaaM contained increased amounts of IAM. By fusing iaaM to the very strong CaMV 1 9S promoter, Klee et al. ( 11) observed high levels of IAM as well as a 10-fold increase of IAA in transformed petunia plants. It was suggested that the enhanced IAA content was due to the conversion of IAM to IAA by either spontaneous hydrolysis or by the action of a low affinity enzyme. This was the first example of a plant that overproduced IAA endogenously. Phenotypically, the plants exhibited a pronounced apical dominance, epinastic and lancet-like leaf shape, increased xylem and phloem production, and adventitious rooting.
Higher plants also contain conjugated forms of IAA, such as IAA-esters and IAA-amides (3) , and it has been proposed that conjugation provides a means by which the size of the cellular pool of free IAA can be regulated (2) . Apart from conjugation, free IAA levels are determined by the rates of de novo biosynthesis, transport, and catabolism.
In this paper we report on the construction of transgenic tobacco plants simultaneously expressing the iaaM and iaaH genes from their natural promoters. Phenotypically normal transgenic plants were selected, and the distribution of IAA, IAM, and IAA-conjugates throughout the plant was compared with that of the wild-type.
MATERIALS AND METHODS

Plant Material
Tobacco plants, Nicotiana tabacum (L.) ( 
Construction of Transgenic iaaM and iaaH Plants
Transgenic plants of N. tabacum SRI expressing the pTiAch5 iaaH gene from its natural promoter, denoted rG2 plants (6) , were leaf-disc transformed (7) with the Agrobacterium tumefaciens strain LBA 4301 containing the pTiC58 iaaM gene, expressed from its natural promoter and recombined into the vector pGV3850 from the pGl plasmid (8) . Due to the relatively high transformation frequency with the leaf-disc method, no direct selection for the integration of the T-DNA was made. Instead, calli were grown to about 5 mm in diameter and screened for the presence of IAM. IAMpositive calli were either maintained on callus medium (7), or transferred to shoot-inducing medium. Shoots were induced to root on one-half x MS-medium containing 0.7% Phyto-agar.
Hybridizations
DNA was isolated from a nuclei-enriched pellet after lysis with sarkosyl and proteinase K and purified on a CsCl gradient. Ten micrograms of DNA were digested with various restriction enzymes, separated on an agarose gel, and transferred to a nylon membrane. Total RNA was isolated according to Logemann et al. (13) , and poly(A+) RNA was purified on an oligo-dT cellulose column. Ten micrograms ofpoly(A+) RNA were denatured, separated on formaldehyde-agarose gels, and transferred to a nylon membrane. Southern and Northern hybridizations were performed under stringent conditions using randomly primed probes labeled to high specific activities. The iaaM probe used consisted of a 3.3 kb EcoRIPvuI fragment from the pG plasmid, and the iaaH probe consisted of a 2.1 kb HindlIl fragment subcloned from the pTiA6 plasmid. 
Quantification of Endogenous
Regeneration of Transgenic Plants Expressing iaaM and iaaH
The IAM containing calli were transferred to shoot-induction medium, and regenerated to intact plants with about 40% frequency. The integration and expression of the iaaM and iaaH genes was confirmed by Southern and Northern analysis (results not shown). Furthermore, the Southern analysis revealed that both genes occured as single-copy insertions in the plants later analyzed. A few of the regenerated plants showed abnormal phenotypes, earlier described as auxin effects (1 1), but most plants appeared normal. In this study we focused on the normal-looking plants since our purpose was to examine how these transformed plants could cope with an increased synthesis of IAA. However, despite being normal looking at the 11-leaf stage, these plants later turned out to be different from wild type at the onset of flowering. Flowers showed heterostyly (26) and also exhibited severe reductions in pollen and seed production. The majority of the transformants did not produce seeds at all, and seeds produced had a germination capacity of less than 10%, although when crossed with wild-type pollen, seed production was normal. (Fig. 1) . No obvious distribution pattern was apparent. IAM was not detected in extracts from wild-type control plants. Estimates of endogenous IAA levels in two wild-type and two doubly transformed plants are presented in Figures  2 and 3 . Despite the presence of the IAA synthesizing genes in the transformed plants, most tissues contained only slightly elevated levels of free IAA. The largest increase, approximately 60%, was observed in the apex with associated young expanding leaves. In general, internodes contained higher concentrations of IAA than did leaves. A basipetally decreasing gradient of IAA on a fresh weight basis was observed in the youngest two to three leaves and internodes but not in older tissues.
In a second experiment, leaves 1, 3, and 5 ( Fig. 4B, D) , the apex and the uppermost two internodes (Fig. 4A, C) , were analyzed for both IAA-conjugates and free IAA in two wildtype and two doubly transformed plants. The free IAA levels were comparable with those obtained in the previous experiment, being slightly elevated in the transformed tissues. However, when comparing IAA-conjugate levels, the relative increase in transformed plants was much more extensive. transformed calli contained on average approximately twice as much free IAA and three times more IAA conjugate (Table  I) , and 2.5 times more total IAA (free plus conjugated). The increase in free IAA content in transformed tissue is 7 to 13 times lower than what has been reported from other Agrobacterium-mediated tumors in tobacco SR1 (17, 18) , although it should be noted that in these studies the entire pTiC58 T-DNA region was transferred, and genes of known or unknown function present on the T-DNA might affect expression of the IAA biosynthetic genes and/or the metabolic regulation of the hormone metabolism in the cell. Different culture conditions might also affect the IAA-level. Some of the transformed calli produced shoots that could be regenerated into intact plants by culturing on MS medium.
Single-copy gene insertion and transcription of the genes was verified by Southern and Northern analysis of regenerated plants. To investigate the influence of the iaaM and iaaH gene products on intact plants, the distribution of free IAA and IAA conjugates was investigated in wild-type and doubly transformed tobacco plants. In the wild-type plants the highest IAA concentration was found in the apex (Fig. 3) . Slightly elevated IAA concentrations were also found in the youngest leaves and internodes, while no consistent increase in IAA levels occurred in the rest of the plant. This distribution of endogenous IAA is in keeping with the belief that IAA is synthesized in the young leaves and apical bud of dicotyledons, but it can also just be a result of a higher proportion of tissues poor in IAA in older leaves and internodes. In the transformed, normal-looking plants, IAM was present in broadly similar amounts in all above-ground organs (Fig. 1) . These plants exhibited a distribution of IAA that was similar to that ofthe wild-type plant, although the high concentration of IAA in the apex was more pronounced in these plants (Fig.  2) . The IAA concentrations in the transformed plants was only slightly higher than those in the wild-type plants (Fig. 4) . In contrast, the concentration of IAA conjugates in the apex and uppermost leaves of transformed plants was significantly enhanced (Fig. 4) .
It is evident that the expression of the iaaM and iaaH genes in tobacco resulted in an increased IAA production in callus tissue as well as in regenerated plants. However, because of increased conjugation, there are only relatively small increases in the levels of free IAA. This could be an important regulatory response with the initiation of enhanced rates of IAA conjugation facilitating down-regulation of the free IAA pool and thereby minimizing the effects of an elevated rate of IAA biosynthesis in the transformed tissues.
The doubly transformed plants used in this study displayed a normal phenotype at the 11-leaf stage. Subsequently, however, the transformants produced abnormal flowers showing heterostyly, with a reduced pollen and seed production. Heterostyly and reduced fertility in tobacco plants transformed with the Ti plasmid was first described by Wullems et al. (26) , but it has also been reported in tobacco transformed with the Ri plasmid (16) . However, forced pollination was successful in that study (16) . It is posssible that these changes are a consequence ofan increased IAA synthesis in the reproductive organs of the plant, either from the basal expression of iaaM and iaaH genes, or perhaps due to an increased expression at the onset of flowering, as has been shown for other T-DNA IAA LEVELS IN TRANSGENIC TOBACCO promoters, such as the nos (1) and mas (12) promoters. The regulation of the natural iaaM and iaaH promoters has not been investigated in detail, although the data from Willmitzer et al. (25) and Klee et al. (10) indicate that they are extremely weak. Other explanations of this phenomenon are also possible, such as the reproductive organs acting as strong IAA sinks, or being less capable of regulating excess IAA levels. Detailed analysis of IAA levels and metabolism in the reproductive tissues will have to be performed to distinguish between these possibilities.
In summary, the data presented in this paper suggest that the level of free IAA is controlled by conjugation in both callus and plant tissues. It is also possible that endogenous IAA levels are regulated by a feedback inhibition of IAA biosynthesis, or by an increased IAA degradation. These possibilities necessitate further investigations in order to increase our knowledge ofthe IAA metabolism in tobacco. Such studies can be facilitated by the use of promoters displaying different strength and tissue-specific expression so that IAA levels might be altered in a more precise way. Furthermore, the use of inducible promoters will provide a means to study the kinetics of IAA regulation.
